INTRODUCTION
============

With the advent of faster and less expensive sequencing technologies ([@b1-jmbe-20-4]), more genomic data are being generated every day. At present, there are not enough trained bioinformaticians to deeply analyze the data. The need for people with skills to analyze big data sets will increase, implying that students with training in this area will be desirable in the workforce ([@b2-jmbe-20-4]). Moreover, these publicly available data present a good opportunity for faculty and students to get involved in bioinformatics research. Many freely available bioinformatics tools are easy to master ([@b3-jmbe-20-4]); thus, anyone with a computer, access to the Internet, and basic training in this field can contribute to novel genomics research.

However, many biology faculty are uncomfortable teaching bioinformatics concepts because they lack training and/or are unaware of available tools and resources ([@b4-jmbe-20-4]). To help overcome these challenges, we developed a faculty professional development workshop, the Genome Solver Project ([@b3-jmbe-20-4]; <https://genomesolver.qubeshub.org>) to teach some of the fundamentals of bioinformatics using easily accessible online tools. The workshop contains information on sequence databases and how to navigate them, including the National Center for Biotechnology Information suite of tools (<https://ncbi.nlm.nih.gov>) and the Integrated Microbial Database at the Joint Genome Institute (<https://img.jgi.doe.gov>), global and local sequence alignments, pairwise and multiple sequence alignments, and a brief introduction to phylogenetics. The bioinformatics tools we teach include BLAST ([@b5-jmbe-20-4]) for pairwise alignments; MUSCLE for multiple sequence alignments ([@b6-jmbe-20-4], [@b7-jmbe-20-4]); and MEGA for phylogenetics ([@b8-jmbe-20-4]). The workshop is broken up into short lectures, with time to practice each of the tools and for conversation among the participants to encourage collaboration and exchange of information. In the early versions of the workshop, we also explicitly discussed an annotation pipeline called RAST ([@b9-jmbe-20-4]). The workshop is aimed at biologists and biological research questions; participants need no experience with coding or scripting. We also developed a Community Science Project for faculty and their students to join, and the project was explicitly discussed in the later versions of the workshop, beginning in 2015. Although the workshop content has been modified and refined based on changes to the online tools and participant feedback since it was first offered in the summer of 2012, all iterations of the workshop up through the summer of 2017 have served to introduce faculty to the same tools. To date, more than 250 faculty, as well as some graduate students and postdoctoral fellows, at \~125 different institutions have received training through Genome Solver workshops.

With the fifth anniversary of the project, we sought to evaluate the impact of the program on faculty, and, to the extent possible, on student learning. First, we reviewed the data collected from each iteration of the workshop as to whether the participants felt the workshop training and materials were useful to them as they projected future curricular reforms. Second, we conducted a follow-up survey to learn the extent to which this training opportunity had translated into changes in curriculum delivery by workshop participants. In other words, we sought to better understand whether the workshop influenced faculty's ability to incorporate bioinformatics into their course offerings.

In addition to measuring the extent to which faculty felt enabled to teach bioinformatics, we aimed to assess the effect on student performance relative to bioinformatics content. Therefore, we undertook an evaluation of the outcomes of the project on students. A small group of workshop participants agreed to administer a pre- and post-course quiz to their students to measure performance gains after bioinformatics instruction. To complement the student performance data, we also conducted 30-minute phone interviews with these faculty to gain a better understanding of the individual characteristics of their courses, including how much bioinformatics content was included and what topics were covered. Our results in total suggest that many, but not all, faculty find the workshops useful for encouraging incorporation of bioinformatics content in their courses, and students of faculty who implement bioinformatics content in their courses show increased quiz scores following bioinformatics instruction.

METHODS
=======

To assess the impact of the Genome Solver Project on faculty and students, we gathered data in several different areas. All data collection was deemed "exempt" by Georgetown's Institutional Review Board.

Workshop recruitment and survey
-------------------------------

Workshop participants were initially recruited primarily by word-of-mouth through existing networks, including the Genomics Education Partnership (<http://gep.wustl.edu>), the Genome Consortium for Active Teaching (<http://gcat.davidson.edu>), and the American Society for Microbiology Biology Scholars program (<http://directory.biologyscholars.org>). Subsequently, we advertised through our former website (<http://genomesolver.org>) and at national conferences including the American Society for Microbiology Conference on Undergraduate Education (ASMCUE) and the American Society for Cell Biology Annual Meetings, with posters and short talks. We asked the participants at the start of the workshop about their institution. In total, about 20% of participants came from community colleges, 15% from baccalaureate-granting institutions, 20% from master's granting institutions, and 35% from doctoral institutions. About 5% were from a variety of other institutions, including medical schools, government institutions, or non-profit institutions, while the remainder could not be identified as associating with a particular institution. About 10% of the participants identified as coming from minority-serving institutions. We developed a survey that workshop participants (*n* = 277) took directly after the end of the workshop (see [Fig. 1](#f1-jmbe-20-4){ref-type="fig"}). Averages from the five-point Likert scale data were calculated as described (<https://higheredassessment.wordpress.com/2012/06/28/weighted-average-standarddeviation/>).

![Workshop survey results. Participants completed a survey directly after workshop instruction. The statements were presented in the context of a five-point Likert scale (1 = strongly disagree, 2 = disagree, 3 = neither agree nor disagree, 4 = agree, and 5 = strongly agree). The data set represents the responses from 277 workshop participants over the course of workshops presented from 2012 to 2017. Responses from individual workshops were similar to those shown here in aggregate. GS = Genome Solver.](jmbe-20-4f1){#f1-jmbe-20-4}

Workshop content
----------------

The workshop initially consisted of 1.5 days of content, alternating between didactic lectures on bioinformatics content and practice with the tools discussed. In later iterations, the content was trimmed so that the entire workshop could be delivered in a single day. In all cases, participants were given readings about the Human Microbiome Project and information about BLAST (Basic Local Alignment Search Tool) ([@b5-jmbe-20-4]) before the workshop. During the workshop, a series of six short lectures was delivered:

-   Introduction to the Genome Solver Project

-   Introduction to Databases\*

-   Genome Annotation\*

-   Comparative Genomics\*

-   Phylogenetics\*

-   The Horizontal Gene Transfer Project

Lectures denoted with asterisks also had hands-on exercises for practice with the tools introduced in that lecture. The final lecture served as both a summary of the tools described and an introduction to a community science project we developed in later iterations of the workshop for faculty and their students to join. All current materials are available at QUBES (<http://genomesolver.qubeshub.org>) and at CURENet (<https://serc.carleton.edu/curenet/collection/218072.html>).

Faculty survey
--------------

A follow-up online survey ([Appendix 1](#sup1){ref-type="supplementary-material"}) was designed and deployed to all who participated in a workshop between 2012 and 2016 (*n* = 259) in order to better understand how the training might have influenced incorporation of bioinformatics into their work with students, both in the classroom and as a means for independent research. The survey link was sent to all previous workshop participants three times beginning November 29, 2016, with reminders on December 5 and December 8, resulting in 47 complete responses (18% response rate). As an incentive, respondents were included in a draw for a \$50 Amazon gift card. Descriptive quantitative analysis was performed on the survey using Excel. Coding of the qualitative survey data was conducted manually using an inductive approach, allowing the categories and themes to emerge from the data. One author, McWilliams, conducted the initial qualitative coding, which was then reviewed by Rosenwald, who contributed to naming the categories and to making decisions on coding responses about which there were questions ([@b10-jmbe-20-4]).

Pre- and post-course student quiz data
--------------------------------------

A set of 20 multiple-choice questions that tested basic concepts related to molecular biology and bioinformatics was developed ([Appendix 2](#sup1){ref-type="supplementary-material"}). This quiz was motivated by the ones developed by Genomics Education Partnership (GEP) discussed in Shaffer *et al*. ([@b11-jmbe-20-4]), which asked questions specifically about bioinformatics and genomics. One important difference between the GEP quiz and ours is that ours focused more on bacterial genomics where the GEP quiz focuses on eukaryotic genomics, reflecting the disparate nature of the two projects. Faculty members at five schools agreed to administer this quiz to their students before and after bioinformatics instruction. Three schools were doctoral institutions and the remaining two were primarily master's-granting institutions. One of the schools involved was Georgetown University, the home institution of the developers of the Genome Solver workshops. These instructors (Arora and Rosenwald) also developed the multiple-choice quiz. The student performance dataset consists of 640 student responses. Data are reported as number of correct responses pre-course compared with post-course. The proportion of correct responses for each question was determined for the pre- and post-course test answers. A proportions *t*-test and one-way ANOVA were calculated using JMP v12 software (SAS, Raleigh, NC). For all statistical analyses, *p* \< 0.05 was considered significant. (Mathur conducted the statistical analyses.)

Faculty interviews
------------------

We conducted 30-minute phone interviews with each of the faculty who helped us to collect student learning data. The interviews were recorded and transcribed (McWilliams). The interview protocol used to guide the interviews is shown in [Appendix 3](#sup1){ref-type="supplementary-material"}. Four of the faculty had attended a Genome Solver workshop and, upon return to their home institution, devised ways to utilize the bioinformatics tools and exercises from the workshop. The other two, the instructors at Georgetown University who co-created the original Genome Solver training workshop and materials, used these materials in their courses. The faculty were asked specifically about class size, amount of bioinformatics focus, number of instructors, and class makeup (i.e., number of majors versus nonmajors), as well as details on bioinformatics-related assignments and the extent to which they were used with students. The courses ranged from large, introductory courses to smaller, upper-level courses and included a sophomore learning community.

RESULTS
=======

Faculty development in bioinformatics
-------------------------------------

Many life science faculty earned their terminal degrees before the advent of bioinformatics as a major field of endeavor for biologists ([@b4-jmbe-20-4]). We therefore developed a workshop to teach some of the fundamental tools used for bioinformatics. As described in more detail in Methods, the workshop contains information about databases, pairwise and multiple sequence alignments, gene annotation, and a brief introduction to phylogenetics, tools that can be downloaded for free or that are web-based.

At the end of each workshop, participants were asked to fill out an online survey to provide feedback for improvements. As part of the survey, participants were asked to rate a number of statements about the utility of the workshop for them and their future plans on a five-point Likert scale. The average response was in the "agree" to "strongly agree" category for each of the prompts, suggesting that the participants had a very positive experience with the workshop overall (average rating of 4.83 out of 5). In addition, participants agreed the workshop contributed to their confidence in applying these techniques to their own research (average 4.3 out of 5). They also thought Genome Solver would help their institutions move ahead with genomics curricula (average 4.27 out of 5). Most planned to use the materials and connections made at the workshop in their genomics teaching and research endeavors (average 4.38 out of 5). Finally, most participants agreed the workshop was important in helping them plan their teaching of genomics (average 4.34 out of 5) ([Fig. 1](#f1-jmbe-20-4){ref-type="fig"}).

Changes in courses and curricula take time, however, and making such changes can be challenging, even when faculty are eager to incorporate new material and tools. To determine the extent to which workshop participants had been able to incorporate bioinformatics into their teaching, we sent an online follow-up survey ([Appendix 1](#sup1){ref-type="supplementary-material"}) to all faculty who had participated in a Genome Solver workshop from 2012 to 2016. We sought to determine whether the participants had been able to incorporate bioinformatics into their work with students after taking the Genome Solver workshop. To this end, the survey asked:

-   whether participants had used any of the tools and materials from the Genome Solver workshop with students in their classes and/or in independent student research

-   which tools and materials they used

-   what might have prevented them from using Genome Solver materials, and

-   their most valuable take-aways from the workshop.

The survey link was emailed to all workshop participants (2012--2016), with two reminders, resulting in 59 initial responses. After culling incomplete responses, there were 47 usable responses in the final dataset. Approximately 57% of respondents had used material from the workshop, used the workshop materials after modification to suit their needs, or used tools discussed in the workshop. Approximately 32% had used this information in classes, 2% with their independent research students, and 23% with both students in class and research students. The most frequently cited tool used was BLAST, followed next by various databases.

When asked about their most valuable take-away from the workshop, responses clustered in three main thematic areas ([Table 1](#t1-jmbe-20-4){ref-type="table"}):

-   improved understanding of tools through hands-on activities

-   ideas for integrating bioinformatics content in the undergraduate classroom and student research

-   the opportunity to network and learn from other teachers' experiences.

###### 

Most valuable take-aways from the Genome Solver workshop.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Emergent Themes                                                              Representative Quotes
  ---------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------
  Improved understanding of software and tools via hands-on work (38%)         "Feeling comfort utilizing bioinformatics software for data analysis."\
                                                                               "Ability to use new software tools."\
                                                                               "The ecosystem of tools for analyzing sequence data."\
                                                                               "Going through relevant software with experts."

  Ideas for integrating bioinformatics in courses and student research (35%)   "Learning about applications of bioinformatics in an undergraduate curriculum. Learning about projects that have been done in other universities."\
                                                                               "The identification of phage genes in bacteria exercise. It served as a basis to develop a research project in one of my classes."\
                                                                               "The suggested use of the Genome Solver tools in activities that could be used in classes I teach."\
                                                                               "I gained valuable ideas about how to design course-embedded bioinformatics projects."\
                                                                               "Linking up with learning modules that could be applied in class."

  Opportunity to network and learn from other teachers (20%)                   "I learned about a lot of relevant projects and also met people in my local area working on genomics."\
                                                                               "I enjoyed meeting with the other participants and learning ideas of how I might be able to use the information in my classes."\
                                                                               "The ease with which this approach could be used for student learning and the community and resources available."\
                                                                               "Encouragement to involve students in genomics."

  Other (7%)                                                                   "Very informative"\
                                                                               "Nice opportunities for faculty and student research."\
                                                                               "While it is obvious there is a lot of information out there in many places, it is not easy to readily access it or work it into valuable lesson(s)."
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

In examining the data from question 16 of the follow-up survey, these themes emerged from the free responses (*n* = 40). They were derived by the inductive method described ([@b10-jmbe-20-4])

The first theme---that of "training" faculty in easy-to-use bioinformatics research tools---was an original goal of the Genome Solver project, supported by the website and online community forum. The second theme---that of networking and sharing information---was also an original goal, to boost faculty confidence and skills in order to motivate and prepare them to introduce students to these tools. The third theme---that of enabling faculty to apply what they had learned about bioinformatics research tools in their own classrooms---was the ultimate goal of the project. Genome Solver project leaders hoped that participants would leave armed with tools and skills, but also ideas and inspiration, to try at their home institutions. We found that several participants (*n* = 11) reported taking ideas from the workshop and modifying them to suit their own curricular needs ([Table 2](#t2-jmbe-20-4){ref-type="table"}).

###### 

Descriptions of new or modified exercises based on Genome Solver materials.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Incorporated BLAST into activities in a 300-student Intro Biology course (simple homology searches and alignment). In a laboratory course (focused on soil microbiome), using BLAST to select sequence homologs to 16S rDNA sequences detected in soil samples and using MEGA for multiple sequence alignment and construction of phylogenetic trees.
  I assigned a phage to groups of two. The students had to research the genes that have been identified in the phage. They then had to pick three and perform a BLAST with each to identify bacteria that may contain the phage genes. The students then gave short presentations of their findings, including predictions of how those genes may assist the bacteria or whether the genes are just a result of lysogeny/integration and may confer no benefit to the bacteria.
  We have added to what we are currently doing in the HHMI-funded bioinformatics lab. Additionally, I am going to use some of the Genome Solver tools in genetics next semester.
  Students had gotten a sequence of a fragment from a genomic library of the *Pseudomonas fluoresens* L5.1-97 genome. They previously basically did BLAST analysis. Now I have them find the most likely ORF using ORF finder and then analyze that protein product using tools at CLUSTAL.
  Mostly sequence alignment to make students aware of the nature of mutations and the basics of scoring to determine relatedness.
  I have not used the assignments that were presented on Genome Solver per se. But am still integrating. The research we do is on antibiotic resistance and in finding new antibacterial agents. Students extract genomic DNA and determine if resistance genes are present in various soils in this area. If a resistance gene is present and involves a modification of the target gene through mutation, the students send the gene to be sequenced and use alignment programs to find if a mutation is present. \[...\] Students also prepare phylogenetic trees on viruses but using comparison tools on NCBI. Students are expected to be able to understand accession numbers and other information on gene data. Students have assignments to find genomes on particular viruses and identify all the genes and proteins present and any overlapping reading frames.
  I have led undergraduate students (upper-level Biology majors and non-science majors) through modules that required BLAST and other genome and protein database searches for exploration of protein function in bacteriophages (SEA PHAGES) and as part of a new course in which students explore pancreatic cancer.
  The exercise involves the use of Genome Solver approaches to look for sequences related to food safety and methane production.
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

This table represents the verbatim responses from all individuals but one who chose the branch of the follow-up survey resulting in the prompt, "Exercises you created or modified based on Genome Solver." Eleven people chose this response; nine of those 11 chose to further respond to the open-ended prompt, "Briefly describe the new or modified exercise you created." One response was simply a link back to the Genome Solver website, and had no narrative description, and is not included here. MEGA = Molecular Evolutionary Genetics Analysis; ORF = open reading frame.

Yet many faculty did not implement the tools and ideas from the workshop; approximately 43% of the survey respondents did not use any information from the workshop in their classes ([Table 3](#t3-jmbe-20-4){ref-type="table"}). Reasons stated included not currently teaching courses where this content fit well; discovering other sources of bioinformatics material that suited their needs better; and lacking the confidence to teach these materials in a class. With respect to this last point, certain comments suggested some faculty needed even more basic training than what the workshop provided or ongoing support beyond the workshop ([Table 3](#t3-jmbe-20-4){ref-type="table"}). Thus, even though we started at quite a basic level, some individuals nevertheless left the workshop lacking comfort with the material or the confidence to implement it with students. In future efforts, we plan to develop online mentoring using resources on the QUBES hub, the current site of Genome Solver (<http://genomesolver.qubeshub.org>). We also noted that no respondents reported facing difficulties from their department with respect to implementation efforts, nor did anyone report developing their own materials for their classes.

###### 

Reasons preventing faculty from using Genome Solver materials in their classrooms.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Reason                                                                                                    Supporting quotes
  --------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  I'm not \[currently\] teaching courses where this content fits well. (9 tallies)                          "I did not teach the course that would best use the bioinformatics activities this past semester. I will be teaching the applicable course in the upcoming semester."\
                                                                                                            "I was teaching at another institution for the last year and could not use the materials. I plan to use them in my global health and microbiology class."

  Although I teach a course that involves bioinformatics, this content doesn't suit my needs. (0 tallies)   

  I am not confident teaching Genome Solver materials to a class. (5 tallies)                               "Better explanation of what the tools are telling us. Why we use each tool. Not just how to use each tool."\
                                                                                                            "A more basic starting point for the workshop."\
                                                                                                            "I needed more hands-on time to figure out what the daily talks were about. While I understood in principle what I was supposed to do, I lacked knowledge on how I'd go about implementing something from scratch."\
                                                                                                            "Acquiring a solid understanding of the subject matter myself so that I am able to teach it."

  I found another source of bioinformatics material that suits my needs better. (7 tallies)                 "GEP -- their 'ready-to-adopt' curricular items and student projects made it possible for me to implement an introductory level bioinformatics course as a one-person discipline."\
                                                                                                            "GEP from Washington University St. Louis. Because we use *Drosophila* in Genetics, it was nice having fly projects."

  I prefer to develop and implement my own bioinformatics material. (0 tallies)                             

  I don't have support within the department to implement bioinformatics into the curriculum. (0 tallies)   
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Individuals responding to question 5 in the follow-up survey (*n* = 20). This question presented a number of discrete responses to the participants (listed on the left) and they could opt for more than one answer. Participants could also enter information in a free-response box. This free-response box is the source of the selected quotes on the right.

Among the survey respondents who said they had not implemented any of the tools and materials from the workshop in their work with independent research students, there were also a number of interesting findings revealed in the reasons for not doing so ([Table 4](#t4-jmbe-20-4){ref-type="table"}). The top reason was that although their research includes some bioinformatics, the Genome Solver materials were not appropriate for this research. The next most cited reasons were not doing research, not having a lab, or not having research students. However, we also found that a number of individuals said they lacked confidence in working with Genome Solver materials. Nevertheless, a number of respondents indicated that they still plan to use the materials with undergraduate research students in the future. A final group indicated that bioinformatics research does not align with their existing research. Similar to the responses about not using Genome Solver materials in the classroom, "fit" and confidence emerged as the reasons why implementation was difficult.

###### 

Reasons preventing faculty from using Genome Solver materials with their research students.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Reason                                                                                                        Supporting quotes
  ------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Bioinformatics research does not align with my research. (3 tallies)                                          "The projects I oversee have not made use of those informatic tools yet."

  Although my research includes some bioinformatics, the Genome Solver materials don't fit well. (12 tallies)   "We use BLAST, Genbank, and NCBI resources in undergraduate research. The workshop has helped at least two undergraduate research scholars to learn about and use bioinformtics resources. Their research is not on the microbiome, but the approach is relevant and useful to their learning."

  I am not confident working with Genome Solver material with my research students. (5 tallies)                 "I need to spend more time on using the materials before I am confident in passing it off to a student to try."

  Write-in response 1: Plan to use materials in the future                                                      "Hope to use it for some phage work with an undergraduate research student."\
                                                                                                                "I will do it next semester. It is just timing."\
                                                                                                                "Really have not had the opportunity yet."

  Write-in response 2: Not doing research                                                                       "Not currently conducting any research with undergraduate students."\
                                                                                                                "I'm not doing research at this time."\
                                                                                                                "I do not do research."
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Individuals responding to question 7 of the follow-up survey (*n* = 34). This question presented a number of discrete responses to the participants (listed on the left) and they could opt for more than one answer. Participants could also enter information in a free-response box. This free-response box is the source of the selected quotes on the right.

Student development in bioinformatics
-------------------------------------

We partnered with a group of workshop participants to assess student performance gains by administering a pre- and post-course quiz to their students before and after bioinformatics instruction. We designed a set of 20 multiple-choice online questions that tested basic concepts related to molecular biology and bioinformatics (see [Appendix 2](#sup1){ref-type="supplementary-material"}). The same quiz was administered to the students at the beginning and end of the course.

Analysis of the pre- and post-course quiz demonstrated students had significant increases in performance related to bioinformatics concepts. In a comparison of pre- and post-course scores for all students, results for 15 of the 20 questions showed a significant increase in correct responses for the post-course test scores ([Fig. 2](#f2-jmbe-20-4){ref-type="fig"}). Of the remaining five questions, two were basic biology questions included as controls (Questions 1 and 2, [Appendix 2](#sup1){ref-type="supplementary-material"}) and, as predicted, do not show a significant increase. Question 10 describes Hidden Markov Models and is an "all of the above" answer, so it is likely students got this question partially right by choosing one of the other answers. Question 17 discusses the concept of synteny or the order of genes on a chromosome; we suspect many faculty may not discuss this concept in detail. Finally, in Question 18, which asks about transversions, we note that scores on the pre-course quiz are already quite high, so little improvement was noted.

![Proportion of correct responses on the pre- and post-course quiz. The data shown here are the aggregate data from all students (*n* = 640) who took the pre- and post-course quiz ([Appendix 2](#sup1){ref-type="supplementary-material"}). The proportion of correct responses increased for 15 of the 20 questions. Note that questions 1 and 2 are basic biology questions included as controls and show no increase. The others are specific to aspects of genomics and bioinformatics. \# *p* \< 0.05; \* *p* \< 0.01.](jmbe-20-4f2){#f2-jmbe-20-4}

We then analyzed the overall scores by school. All five schools showed a significant increase in the post-course mean compared with the pre-course mean ([Fig. 3](#f3-jmbe-20-4){ref-type="fig"}). The schools' pre-course scores did not significantly differ from each other. Additionally, we compared schools by Carnegie classification, which showed that both types of schools in this study, doctoral and master's-granting schools, performed equally well based on the increase in scores in the post-course testing and were not significantly different from one another ([Table 5](#t5-jmbe-20-4){ref-type="table"}).

![Post-course mean scores of students at the five schools are significantly higher than pre-course means. The mean scores of the students (*n* = 640) who took the pre- and post-course quiz, by school. The proportion of correct responses increased for 16 of the 20 questions. \# *p* \< 0.05; \* *p* \< 0.01.](jmbe-20-4f3){#f3-jmbe-20-4}

###### 

The difference in post-course *versus* pre-course mean scores by Carnegie classification.

  School Classification               Pre-Course Mean   Post-Course Mean   Difference   *p* value
  ----------------------------------- ----------------- ------------------ ------------ -----------
  Doctoral Universities               7.12              10.33              3.21         \<0.01
  Master's College and Universities   7.25              9.53               2.28         \<0.01

The pre- and post-course means of the students were analyzed based on the Carnegie Classification of their schools. Means are the average number of correct answers on the 20-question quiz. The difference in learning gains between doctoral and master's schools was not significant (*p* = 0.44).

The performance of students at schools where faculty had taught bioinformatics material for more than two semesters was consistent across time ([Fig. 4](#f4-jmbe-20-4){ref-type="fig"}). We initially hypothesized that there would be an increase in student performance as the instructor's confidence with the material increased by teaching the course multiple times, but this was not the case. In general, the difference in scores over time was stable. School 5 (Georgetown, the home institution of the Genome Solver developers) consistently had the highest difference in pre- vs. post-course scores.

![Differences between the pre- and post-course mean over time. The difference between the pre- and post-course mean scores of the students from the three schools with bioinformatics instruction for at least three semesters is shown. School 5 had two different instructors; the three data points from 2012--2014 are one instructor and 2015 is the second instructor.](jmbe-20-4f4){#f4-jmbe-20-4}

Faculty interviews
------------------

Faculty who partnered with us on the quiz also agreed to a 30-minute telephone interview to complement the information collected on student performance. The courses ranged from large, introductory courses to small, upper-level courses, and included a sophomore learning community. The characteristics of these courses, including the class name, size, and percentage of the class focused on bioinformatics, as listed in information gathered from each school, is shown in [Table 6](#t6-jmbe-20-4){ref-type="table"}. The courses taught at School 5 (Georgetown) had the highest bioinformatics focus (\> 80%) and smallest class sizes (15 to 20 students) compared with the other schools ([Table 6](#t6-jmbe-20-4){ref-type="table"}). All schools showed significant increases in student performance regardless of the amount of focus on bioinformatics teaching, although these data suggest that the amount of time spent on bioinformatics content leads to increased scores on the post-course quiz, as was observed previously ([@b12-jmbe-20-4]). Class size has also been shown to affect student performance ([@b13-jmbe-20-4], [@b14-jmbe-20-4]), and the Georgetown classes were among the smallest of the courses taught among the faculty who deployed the performance quiz. The high post-course scores among these students could be explained by the dual roles of the instructors as developers and teachers, although two different instructors are represented in these data. We also note the pre-course test scores at this school are not significantly different from the other schools. Nevertheless, when we examined the post-course increases after removing the Georgetown student data, we still observed increased post-course correct responses for 13 of the 20 questions ([Appendix 4](#sup1){ref-type="supplementary-material"}).

###### 

Characteristics of the courses at five different schools.

  School   Course                             Class Size   Bioinformatics Focus   Class Makeup         \# of Instructors
  -------- ---------------------------------- ------------ ---------------------- -------------------- -------------------
  1 (D)    The Microbial Universe             50--75       15--20%                Majors               1
  2 (D)    Foundations of Biology             1,000        \<10%                  Majors & nonmajors   2
           Honors Foundations of Biology      35           \>50%                  Majors               1
  3 (M)    Advanced Topics in Biochemistry    10--15       25--30%                Majors               2
           The Human Microbiome and Disease   10--15       60%                    Majors & nonmajors   1
  4 (M)    Microbial Physiology               18           15%                    Majors               1
  5 (D)    Genomics and Bioinformatics        15--20       100%                   Majors               2
           Microbial Genomics                 5--10        80%                    Majors               2

This information was obtained as part of the 30-minute phone interviews with faculty based on the questions shown in [Appendix 3](#sup1){ref-type="supplementary-material"}. M = master's granting; D = doctoral.

DISCUSSION
==========

Bioinformatics, despite its increasing prevalence in research, is not yet a routine part of biology instruction at the undergraduate level. There are a number of issues that prevent incorporation of bioinformatics into biology education. First and foremost, many faculty lack training in this area ([@b4-jmbe-20-4]). One of the recommendations of the BIO2010 report is to provide more faculty development opportunities aimed at understanding the integrative nature of biology, mathematics, and the physical sciences, a crucial step toward improving undergraduate biology education ([@b15-jmbe-20-4]). Faculty training programs in bioinformatics, such as the GCAT-SEEK ([@b16-jmbe-20-4], [@b17-jmbe-20-4]), GEP ([@b11-jmbe-20-4], [@b12-jmbe-20-4]), SEA-PHAGES ([@b18-jmbe-20-4]), and as described here, Genome Solver, aim to create networks of educators who are using genomics and bioinformatics in undergraduate curricula.

Genome Solver's goals for student engagement in genomics and bioinformatics meet those outlined in *Vision and Change for Undergraduate Biology Education* reports ([@b19-jmbe-20-4], [@b20-jmbe-20-4]). Research shows that active-learning techniques employed by teachers improve student performance in STEM subjects ([@b21-jmbe-20-4]); classroom-based undergraduate research experiences (CUREs) such as Genome Solver can provide such active learning experiences. Various studies focusing on assessments of CUREs show evidence of increased content knowledge and performance gains for students ([@b12-jmbe-20-4], [@b22-jmbe-20-4]--[@b26-jmbe-20-4]). Similar results to those shown here were documented by Shaffer *et al*. ([@b11-jmbe-20-4]), and the fact that our work focuses on microbial genomics rather than annotation of eukaryotic genes demonstrates the broad utility of bioinformatics approaches for undergraduate life science education. Bioinformatics and genomics provide opportunities to apply quantitative approaches to tackle biological problems ([@b27-jmbe-20-4], [@b28-jmbe-20-4]). Finally, bioinformatics provides a cost-effective way for students to gain research experience, which has been suggested to improve retention in STEM, particularly for under-represented minority students ([@b29-jmbe-20-4], [@b30-jmbe-20-4]).

Genome Solver workshop participants provided very strong initial feedback immediately following the workshop about the success of the training in contributing to their confidence, providing them with helpful materials, and networking with other faculty. The faculty survey data suggest that workshop training was important for three reasons. The first benefit was that faculty learned how to use bioinformatics and genome annotation software, such as BLAST and RAST. The second benefit was going through exercises that served as idea-generators for what they could do with genomics in their own curricula. Finally, workshop participants benefitted from the networking and development of a learning community. One of the faculty partners in collecting student quiz data stated, "I'm more of a traditional microbiologist \[so the Genome Solver workshop\] helped push me, to help my fundamental understanding so that I can implement it a little bit more into my class." Qualitative evidence suggests that using CUREs to teach leads to benefits such as connecting teaching and research goals, providing enjoyment and satisfaction in teaching, and providing opportunities to publish research with students ([@b31-jmbe-20-4]).

However, as found in the follow-up survey, not all workshop participants gained the necessary confidence to incorporate bioinformatics into their teaching. A recent paper suggests that boot camps and short workshops might not be the optimal way to learn this information ([@b32-jmbe-20-4]), that a longer-term approach would be valuable for sustaining gains. Faculty mentoring networks, as developed and deployed by QUBES (Quantitative Undergraduate Biology Education and Synthesis), in which faculty meet with mentors online on a weekly or biweekly basis, with discrete tasks and time for questions, could be a way to address this point in the future ([@b33-jmbe-20-4]).

Another issue is the lack of formal, agreed-upon core competencies for bioinformatics, especially with respect to life science students. However, efforts are underway by the Network for Integrating Bioinformatics into Life Sciences Education (NIBLSE). Recently, this group conducted a national survey to develop and refine a list of competencies that could form the basis of national norms ([@b34-jmbe-20-4]). Similarly, the International Society for Computational Biology (ISCB) Education Committee has worked to identify the bioinformatics skill sets necessary for three different "personas," people with different needs, including a bioinformatics user (one who uses existing tools), a bioinformatics scientist (one who employs computational methods to advance understanding of biology), and a bioinformatics engineer (one who creates the computer algorithms used by the other users) ([@b35-jmbe-20-4]). The ISCB Committee has recently refined these personas to include more personas and types of jobs that might need to use bioinformatics skill sets ([@b36-jmbe-20-4]).

Course-based undergraduate research experiences provide students with opportunities to engage in problem-solving in which the outcome is unknown and which has import for others in the field ([@b37-jmbe-20-4]). Bioinformatics CUREs in some ways are easy to adopt---the cost of research is relatively low since all that is needed is a computer and access to the Internet. On the other hand, bioinformatics CUREs require a cadre of faculty with the confidence and ability to guide students in this type of research, which are in short supply. The Genome Solver Project over the last five years has attempted to address this deficit by creating a network of opportunities for faculty and development of a learning community. Although not all faculty who attended a Genome Solver workshop were able to incorporate bioinformatics instruction into their current teaching, for a variety of reasons, the student quiz data suggest that students who are exposed to bioinformatics instruction make significant gains. We continue to promote the integration of bioinformatics into life science curricula as we believe that training undergraduate students to analyze "big data" such as sequence data will better prepare them for graduate study and the workforce.

SUPPLEMENTAL MATERIALS
======================

###### 

Click here for additional data file.
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